Modulation effect on the spin Hall resonance 
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The effect of a weak electrical modulation on spin Hall resonance is presented here. In presence 
of the magnetic field normal to the plane of the motion of electron, the Landau levels are formed 
which get broadened due to the weak modulation. The width of the Landau levels broadening are 
periodic with the inverse magnetic field. There is a certain magnetic field for which the crossing of 
Landau levels between spin-up and spin-down branches takes place. This gives rise to the resonance 
in the spin Hall conductivity (SHC). The Landau levels broadening or the energy correction due 
to the modulation removes the singularity appears at the resonance field in SHC, leading to the 
suppression of SHC accompanied by two new peaks around this point. The separation of these two 
peaks increases with the increase of the modulation period. Moreover, we find that the height of 
the two peaks are also modulation period dependent. 
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I. INTRODUCTION 



The lack of structural symmetry in a two dimen- 
sional electron gas (2DEG) has attracted lots of attention 
of condensed matter physicists due to the possible re- 
markable future applications as proposed by Datta and 
Das 1 -—. Various experiments have confirmed the exis- 
tence of a spin-orbit coupling known as Rashba spin- 
orbit coupling (RSOC) in a 2DEG with structural in- 
verse asymmetry™ The RSOC lifts the spin degeneracy 
of electron even in absence of any magnetic field and pro- 
vide a nice way to manipulate electron's spin degree of 
freedom. Moreover, the RSOC is responsible for some 
noble effects like spin-FETi&, metal-insulator transition 
in a two-dimensional hole gas^, spin-resolved ballistic 
transport^ and spin-galvanic effect^. The experimental 
confirmation of the enhancement of RSOC strength up 
to a significant amount by the application of the gate 
voltage has made this field much more attractiv e 10 ! 11 . 
The RSOC produces two different energy branches for 
spin-up and spin-down electron o 12 : 13 and manifests it- 
self through transport 5 - : 14 : 15 , magnetic 1 ^ and optical 
properties 1 ^. The spin Hall effect (SHE) 18 i 19 is one of the 
most unique property exhibits by 2DEG with RSOC. The 
SHE has been studied extensively theoretically after the 
experimental detection of the spin accumulation on op- 
posite sides of the sample with opposite polarizatio n 20 : 21 . 
In presence of magnetic field, an additional degeneracy 
comes into picture when Landau levels of two opposite 
branches overlap for a certain magnetic field. This degen- 
eracy is the outcome of the competition between Zeeman 
splitting and Rashba splitting. This additional degener- 
acy manifests through a jump in the spin polarization 
and the resonance in SHC2 2 -. 

Later, the effect of disorder in the spin Hall resonance 
has been studied theoretically and showed the appear- 
ance of double peaks around the resonance field instead 
of single peak at the resonance point^ 3 -. The splitting of 
single peak into double is the effect of the disorder in- 
duced Landau levels broadening. 



The disorder is not the only sole way to broaden the 
width of Landau levels. The Landau levels can be 
broadened by applying a weak electric or magnetic 
modulatio n 24 : 25 . The width of the Landau levels due 
to the modulation is periodic with inverse magnetic field 
whereas the disorder induced broadening is magnetic field 
independent. This kind of modulation induced oscilla- 
tory broadening of Landau levels results in oscillatory 
diffusive conductivity in inverse magnetic field, which is 
known as Weiss oscillatio n 24 : 25 . Moreover, the modula- 
tion effect on the spin Hall conductivity has been studied 
theoretically also and shows the Weiss type oscillation ac- 
companied by beating in SHC at low magnetic neld 2 ^. In 
this paper, our major aim is to study the effect of mod- 
ulated Landau levels in spin Hall resonance. 

This paper is organized as follows. In section II, we 
summarize the exact energy eigenvalues and the corre- 
sponding eigenfunctions of a 2DEG with the Rashba SOI 
in presence of a perpendicular uniform magnetic field. 
The formalism is given in section III for the calculation 
of SHC. Numerical results are are presented in section 
IV. We present a summary of our work in Sec. V. 



II. ENERGY SPECTRUM AND ENERGY 
CORRECTION DUE TO THE MODULATION IN 
PRESENCE OF THE RASHBA SOI 

The Hamiltonian of an electron (— e) with the RSOC 
in presence of a perpendicular magnetic field B = Bz is 
given by 



(p + eA) 2 
H= 2m* 



a 1 
•- [tr x (p + eA)] z + -gfi B Ba z , (1) 



where p is the two dimensional momentum operator, m* 
is the effective mass of the electron, g is the Lande-g 
factor, fj, g is the Bohr magneton, <7o is the unit matrix, 
er = {a x , a y ,a z ) are the Pauli spin matrices, and a is the 
strength of the RSOC. 
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Here, we shall just mention the exact solutions of the 
Hamiltonian H. Using the Landau wave functions with- 
out the RSOC as the basis, one can obtain the energy 
spectrum and the corresponding eigenfunctionsi^. For 
n = there is only one level, the same as the lowest 
Landau level without RSOC, with energy Eq = Eq = 
(hhj — gfi B B)/2 and the corresponding wave function is 



e *k y y / 
—=(I) (X + Xq) ^ 1 



(2) 



Here, ui = eB/m*, xq = k y l^ with 1$ — y/h/{eB) is the 
magnetic length scale. For n — 1,2,3.... there are two 
branches of the energy levels, denoted by + correspond- 
ing to the "spin- up" electrons and — corresponding to 
the "spin-down" electrons with energies 



E ns = nhu) + s\/ Eq + nE a huj, 



(3) 



where s = ± and E a = 2m* a 2 /h 2 is the Rashba energy 
determined by the SOI strength a. The corresponding 
wave function for + branch is 

and the — branch is 

* n (ky) ^L~A n \ -DMx + x ) ) ' (5) 
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D' 2 



and D n 
Here, <j) n (x) 



where A n = 
\/nE a huj/[Eo + \JE 2 + jiEahiu] 

{l/^^2 n n\l a )e- x l 2l «H n {x/l ) is the normalized 
harmonic oscillator wave function with n is the Landau 
level index, 

The condition of the crossing of the energy levels between 
E£ and E~ +1 can be obtained from E+ — E~ +1 = 0, 
which gives22 



y/{l - g*) 2 + rjn + - g*) 2 + T](n + 1) = 2, (6) 

where rj = AE a / (fvui), g* = gm* /(2mo) and the quantum 
number n follows 2n < v < 2(n + 1) with v = N e /N^, 
being the filling fraction. Here, is the magnetic flux 
quanta. The magnetic field at which the above condition 
satisfy is termed as the resonance point. 

Now a weak spatial electric modulation V = Vq cos(Kx) 
is applied to the system along the x-direction with peri- 
odicity a, where K = 2ir/a. The first-order energy cor- 
rection due to this modulation can be easily derived^ as 
AEn,k y ,s = A^ F n,s, where V u = V Q exp(-u/2) cos(Kx ) 
with u = K 2 l 2 l /2, F n , + (u) = D 2 n L n - X (u) + L n (u) and 
F n -(u) = D 2 n L n (u) + L n -i(u) . Here, L n (u) is the 
Laguerre polynomial of order n. 



III. FORMALISM 

We considers a Rashba coupled 2DEG inai-!/ plane 
with size L x x L y . In presence of a weak electric field 
along the cc-direction, the electron with opposite spin 
scattered towards y-axis of the sample and gives rise to 
SHC. To calculate the SHC, we shall use the Kubo for- 
mula as 



SHC 



eh 
L. r ,L n , 



E [f(E n ,s)-f(E nls ,)] 



{n 7 s}^{n ; ,s'} f ky 
TS 



Im (n, k, s | Jy z | n' , k, s')(n', k, s' \ v x \ n, k, s) 



{E ns -E n , s ,y+5 2 



(7) 



with the z-component of spin current operator along y- 
direction Jy" — ^{v y ,S z } as per the conventional def- 
inition. Here, S is assigned to control the hight of the 
resonance peak. The velocity operators are 



— C - -?CTy, 

m* n 



v y = (x + X c )u c <7o + -rCTz, 



(8) 



(9) 



and f(E ntS ) is the equilibrium Fermi distribution func- 
tion. As per the restriction imposed over summation in 
the expression of SHC there is no intra-band ({n, s} = 
{n' , s'}) contribution. 

For n' = n + 1, the matrix elements of spin current op- 
erator and velocity operator are 



J 



Sz 



n + 1, k, — ) = 



^JA n A n+1 2 V2 



x [D n Vn + D n+1 V n + 1] 
(10) 



and 

(ri + 1, k, — | v x | n, k, +) = i 



yjA n A n+1 V2m*l 
x [D n y/n- D n+ xVn + 1 + v^C], 

(11) 

where C = V2^^. In presence of modulation the SHC 
expression need to be modified by including the first or- 
der energy correction as E™ s E n>s + AE n .k y , s - Now 
substituting the above matrix elements in Eq. ([7]) the 
SHC of modulated system is given by 



SHC 



12 r a/l 2 

£ / dk y j2u(E^ + )-f(E:\ u _ 

a Jo 



e_l 2 r nl 

"8tt 



A 



ke: 



k,+ 



E™ k )/M 



(12) 
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FIG. 1. Plots of the SHC vs inverse magnetic field B for 
different modulation period. Modulation strength Vo = 3 
meV, the temperature T = 0.6 K 



FIG. 2. Plots of the SHC vs inverse magnetic field B for short 
range modulation period. 



whereas 

An,C = P»" - D l+l( n + !) + ^t(DnV^ 

+ D n+1 VW+l)}. (13) 

Here, the modulation induced broadening will be acting 
to reduce the possibility of the occurrence of resonance. 

IV. RESULTS AND ANALYSIS 

For the numerical calculation, we use the following pa- 
rameters: electron effective mass m* — 0.05m e with m e 
as the free electron mass, RSOC strength a — 0.9an 
with an = 10~ u eV-m and the carrier concentration 
n e = 1.9 x 10 16 /m 2 . These parameters are same as used 
in several theoretical works for which the resonance ap- 
pears around B ~ 6.1 T. 

We plot the SHC with inverse magnetic field around the 
resonance point for different modulation periods in Fig.l. 
It shows that the inclusion of modulation splits the res- 
onance peak into two weak peaks symmetrically on both 
sides of the resonance point. The physical origin of the 
appearance of double peaks due to the Landau levels 
broadening has been discussed in Ref 23 . However, in our 
case the Landau level's broadening is due to the modula- 
tion instead of disorder. The resonance point now shows 
a minimum in conductivity and maintains it for a wide 
range of magnetic field. The gap between two new peaks 
which appears on both sides of the resonance field are 
modulation period dependent. The gap is increasing with 



increasing modulation period. Note that two new peaks 
are not confined within the central peak which was ob- 
served in the disorder induced Landau broadening case 23 . 
Another point is that the intensity of the two new peaks 
are decreasing with the increase of the modulation period 
which can be explained from the expression of energy 
correction as follows: AE n ,k y ,s oc V u = Vbexp(— u/2) = 
Vo exp{— (nlo/a) 2 } i.e; the increasing modulation period 
enhances the effective modulation strength. 

In Fig. 2, we plot the same but for shorter range of 
modulation periods. This shows the disappearing of dou- 
ble peaks with decreasing the modulation periods. It 
is beacause of the reduction of the effective modulation 
strength with decreasing periods. Finally, for sufficiently 
low periodicity two peaks collapsed to a single peak. 
Fig. 3 shows the SHC response for different strength of 
modulation. The increasing of modulation strength re- 
sults in suppressing the SHC more. At the same time the 
flat band between two weak peaks also increases with 
the increase of the modulation strength. The SHC at 
the resonance point is decreasing with the increase of the 
strength of modulation. 

In our case, the Landau levels broadening is oscillatory 
with modulation periods as well as with inverse mag- 
netic field. At Fermi energy, it's oscillation period 27 
is 2h(kp T k a )/(eaB) with kp the Fermi vector and 
k a = m*a 2 /h 2 . The level width can be tuned by chang- 
ing a. This width modulation can not be captured in 
the small range of magnetic field which is actually taken 
here around the resonance point. The changing periods 
results itself only through the suppressing or enhancing 
the intensity of the double peaks and by widening or 
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shortening the gap between these peaks. 



V. SUMMARY 

We study the effect of modulation induced Landau lev- 
els broadening in spin Hall resonance. We find that this 
level broadening suppress the resonance SHC and splits 
the central resonance peak into double peaks but rel- 
atively weak in strength. The separation between two 
new peaks can be controlled by the modulation period 
i.e; the gap increases with increasing modulation period. 
Moreover, with shortening the modulation periods the in- 
tensity of the two new peaks starts two differ. A wide flat 
band is observed between two peaks in our case whereas 
in disorder induced level broadening there is a narrow re- 
gion between two peaks. The increasing strength of mod- 
ulation reduces the intensity of double peaks and widens 
the flat band between two peaks. 



FIG. 3. Plots of the SHC vs different strength of the modu- 
lation for a = 500 nm. 
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